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Abstract 
Energy demand imputable to buildings corresponds to around 40% of the total in most of the developed countries, 
showing the great potential in this field to propose and implement effective strategies for energy saving and 
environmental sustainability. Additionally, urban areas are the most impacted zones by anthropogenic sources and 
they are often affected by local climate phenomena such as urban heat islands. In this view, several measures to 
mitigate this effects and to save energy in constructions are dealt with the implementation of cool materials for roofs 
and urban paving. Since the majority of cities in Europe is characterized by traditional architectures in residential 
buildings, the implementation of white cool coatings is not feasible and new solutions are being proposed. In 
particular, starting from previous works of the authors about the development and continuous monitoring of cool clay 
tiles, this paper deals with the thermal analysis of low-visual-impact cool tiles in single family residential buildings 
with varying climate conditions (i.e. latitude) in Europe, from hot subtropical semi-arid climate (Tripoli) to oceanic 
climate (Munich). A calibrated and validated simulation model by mean of experimental in-lab and in-field 
measurements, has been used for studying the thermal effect of the proposed clay tiles. The analysis shows how the 
clay tile has a promising potential to decrease the indoor overheating in all the climate conditions, with relatively low 
penalties in winter even in the coldest areas.  
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Acknowledged references report that around 40% of global energy need is imputable to buildings and 
their life cycle. Therefore, the investigation around new and effective strategies to save energy and to 
optimize environmental sustainability of construction is needed. Additionally, even stronger 
environmental phenomena are directly linked to building thermal-energy behavior in urban areas. For 
instance, Urban Heat Island effect represents the overheating of city areas characterized by huge 
anthropization [1] and where dense constructions tent to absorb more solar radiation with respect to 
permeable uncontaminated sites. In this view, many fruitful research efforts were dedicated to improve 
energy efficiency in buildings located in urban areas, by proposing new solution to further mitigate urban 
heat island effect. Santamouris in [1] reviewed many works studying the effect of cool coatings through 
experimental measurements and simulation modeling. A good cool roof potential was showed even in 
relatively cold climates [2-3-4] such as in the Netherlands, central France and London [2-3-4]. Very few 
contributions are focused on clay tiles, while it is the most diffused roof covering in European countries, 
but Libbra et al. [5] developed a cool tile coating. Most of the works in this area are focused on the 
material development or on the building analysis through numerical simulation, briefly validated by mean 
of short term monitoring campaign or spot field measurements. On the contrary, Pisello et al. performed a 
2-year long continuous monitoring of a single family house, in order to estimate summer benefits and 
winter penalties of a new cool clay tile [6]. This dedicated campaign provided huge insights to perform a 
careful calibration of a reliable dynamic simulation model, which is the first aim of this work. 
Additionally, innovative clay tiles with high solar reflectance and low visual impact are here included in 
the model. In this view, a detailed dynamic numerical tool is developed in order to estimate the effect of 
cool tiles on thermal-performance of traditional single family houses where most common cool coatings 
are non-applicable due to architectural constraints. Therefore, the role of this paper is to analyze the effect 
of innovative cool roof tiles, with varying climate boundary conditions in Mediterranean territory. To this 
aim, the detailed calibration and validation of a dynamic simulation model was carried out and the 
reliability of the prediction model has been considered as a key start-point of this original contribution. In 
this view, (i) measured envelope thermal characteristics, (ii) continuously monitored parameters, (iii) 
occupants’ field surveys, were combined in order to develop a realistic and reliable prediction model, able 
to generalize the results of the experiment to several climate conditions.  
2.  Experimental analysis for building characterization 
2.1  Layout of the building 
The case study of this research is a common masonry house typology in Mediterranean countries. The 
floors layout consists of a ground floor with a large living-room/open space, and a laundry and working 
space (124 m2 in total). The main floor has a big lounge area, adjacent to the kitchen and a dining room 
area (197 m2 in total). At a slightly higher level, there is the bedrooms’ area. On the second floor, there is 
the monitored attic (64 m2 in total), with an open lounge area and a bedroom, close to a big closet room. 
The whole floor was kept as a free-running area during the course of the monitoring. 
2.2  In-field measurements of envelope thermal characteristics 
The opaque envelope has been characterized by experimental measurements aimed at quantifying the 
thermal transmittance of the different wall typologies in the case study house (Table 1). In fact, the 
building envelope presents different technological and materials’ layouts, given the different structure of 
walls and the partial retrofit intervention carried out in 2008.  
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Table 1. Envelope opaque monitored systems
Envelope properties
Ground floor external wall 
Measured Thermal Transmittance = 0.59 W/m2K - Internal Heat Capacity = 138 kJ/m2K
First floor external wall 
Measured Thermal Transmittance = 1.19 W/m2K - Internal Heat Capacity = 209 kJ/m2K
Attic external wall 
Measured Thermal Transmittance = 0.74 W/m2K - Internal Heat Capacity = 79.15 kJ/m2K
Roof
Measured Thermal Transmittance = 1.143 W/m2K - Internal Heat Capacity = 129.64 kJ/m2K
2.3  In-field measurements of envelope thermal characteristics 
Given the iterative nature of the in-lab experimentation and testing to develop a low-impact cool tile, 
the campaign aimed at prototyping the most performing tile considered as control parameter the Solar 
Reflection Index (SRI). The tiles choice was focused on two types of coating mostly diffused in Italy and 
the new prototype: dark brown “R19”, natural red clay with optimized cool coating “R67” (Table 2). 
Table 2. Optic characteristics of tiles measured by spectrophotometer. 
An example of a column heading UV Refl. VIS Refl. IR Refl. Solar Refl. Thermal emit. 
R19 dark tile 8.8 % 2 % 31% 19% 0.89 
R67 optimized tile 8.1 % 59.1 % 81.9 % 67 % 0.88 
3.  Dynamic simulation modeling
Starting from the architectural characterization of the building, the detailed thermal-energy modeling 
procedures were carried out. The process consisted of four fundamental steps. Firstly, the geometry and 
the architectural layout were characterized within the simulation environment (EnergyPlus). Secondly, the 
envelope thermal-physical properties were described through the materials properties, thermal exchange 
coefficients of all walls, ceilings, roof by integrating the in-field experimental measurements previously 
described. Therefore, the real energy equipment was described. Finally, particular attention was dedicated 
to the analysis of occupants’ behavior, given the building complexity and the necessity to calibrate the 
model in order to optimize the predictive reliability. The lighting system has been described through a 
general lighting setting, calculated as 5 W/m2 - 100 lux and obtained through suspended luminaries’ type, 
as observed in the case study house. The heating system of the whole house, with exception for the 
ground floor living room, is characterized by a natural gas boiler, with cast iron heating type (0.25% of 
radiant fraction). The coefficient of performance (CoP) of this system is valued about 0.85, given the 
period of the boiler that has been substituted in 1998. The cooling system is installed into the first and 
second floor (attic). It is represented by multi-split systems with 3.47 CoP, installed in 2006, as reported 
in the technical sheets of the producer. The supply air temperature is 12°C and air humidity ratio is 0.008 
g/g. The living-room of the ground floor, the bedrooms’ area, the attic floor are also characterized by an 
independent combined heating-cooling system installed in 2010 with convective distribution type.   
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4. Calibration and validation procedure
Both the whole building and the single thermal zone calibration processes have been carried out. The 
calibrated simulation approach was implemented in this work according to ASHRAE standard [7-8]. The 
exhaustive method formulation is reported in [5] and it is referred to computer based simulation of whole 
building energy use behavior such as this research. Following the approach proposed by ASHRAE 
Guideline 14 [7], the calibration and the validation processes concerned these fundamental steps: (i) 
elaboration of the calibration plan; (ii) definition of the available data to collect (or to re-organize); (iii) 
elaboration of the simulation input file with the collected data and run model; (iv) comparison between 
simulated-predicted and effective-measured data; (v) model refining until achieving acceptable 
calibration values; (vi) observations. Energy consumption data used for calibration consisted of quarterly 
electricity bills of the two monitored years. These same data concern the monitoring period of building 
configuration with absorptive tiles R19. The available data also consisted of the weather data 
continuously monitored in proximity of the case study building, where a complete weather station was 
installed in June 2010 for the purpose of this research [6]. The (v) phase just consisted of the model 
refining until meeting the statistical tolerances of MBE and CVRMSE values lower than 5% (Figure 1). In 
order to fulfil the lack of knowledge about occupancy, a specific survey campaign was carried out by 
involving the family members occupying the house. They responded to a questionnaire about their 
attitudes and energy uses. These information were included into the model, during the iterative calibration 
process.  
Fig. 1. (a) first picture; (b) second picture 
Fig. 2. (a) Mean monthly attic indoor air temperature; (b) Monthly thermal balance through the roof. 
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5. Thermal analysis
Four locations in Europe were chosen with varying latitude by 5° at each location, from Tripoli (Tri), 
to Palermo (PA), Perugia (PG), and Munich (Mun). Figure 2 reports the monthly analysis in terms of 
mean indoor operative temperature of the attic (a) and thermal balance through the roof (b), with varying 
climate and clay tile. The indoor attic thermal behavior, averaged during the course of the month, is 
affected up to 5.5°C in Tripoli and 4.5°C in Munich, where the air conditioning for cooling is not required 
anymore in the case of Tile R67. On the contrary, in winter months, the two lines describing R19 and R67 
for each location are almost coincident, demonstrating a weak effect of cool tiles in winter. The analysis 
of roof thermal balance also shows a huge impact of such tiles in summer where the thermal gain through 
the roof becomes negative (on a monthly average) for all the locations. By focusing on two days in 
summer and winter (Figure 3), the cool tile effect is responsible for decreasing indoor operative 
temperature by up to 10°C in all the locations except for Munich. The winter penalty is almost negligible 
except for Tripoli, where the solar contribution decreased the indoor temperature by around 5°C. Finally, 
Figure 4 shows the temperature distribution. The effect of cool tiles is evident in increasing registrations 
within the comfortable range (chosen as reference [18°C;27°C] for this work). Additionally, the only 
location registering non-negligible overheating phenomenon is Tripoli with R67 tile.  
Fig. 3. (a) Daily thermal attic profile in summer (a) and winter (b). 
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Fig. 4. Indoor operative temperature distribution in the attic with varying tile and climate  for R19 (a) and R67 (b). 
In terms of overcooling, the effect of the R67 tile is not so evident such as in previous cases, and in 
hottest locations overcooling under 6°C is not registered. 
6. Conclusions
The combined numerical-experimental study builds upon previous contributions about (i) the 
development of cool clay tiles, (ii) the improvement of such cool tiles to lower the visual impact for being 
suitable in traditional architectures, (iii) the analysis of such tile in a monitored residential building. These 
start-points allowed to calibrate and validate a dynamic simulation model of a typical single family house 
with the purpose to extend the results to several Mediterranean climate conditions with varying latitude. 
The thermal analysis showed how the clay tile, despite its low visual impact, could produce a huge effect 
in reducing summer overheating hours in all the locations, demonstrating that in mild climate conditions, 
such tile could annul the energy requirement for cooling. The tile is also responsible to increase the 
thermal comfort measurements by around 15% in all the locations except in Munich, where there is a 
global penalty of 3%. On the average, the tile produces important annual benefits in optimizing thermal 
comfort frequency by 11%, with local singularities registered in Munich and in Tripoli. Finally, the 
proposed simple and cost effective solution has showed to deserve a better consideration as passive 
retrofit solution for traditional residential buildings in several Mediterranean countries.
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